The transcription factor Foxp3 is indispensible for the differentiation and function of regulatory T cells (T reg cells). To gain insights into the molecular mechanisms of Foxp3-mediated gene expression, we purified Foxp3 complexes and explored their composition. Biochemical and mass-spectrometric analyses revealed that Foxp3 forms multiprotein complexes of 400-800 kDa or larger and identified 361 associated proteins, ~30% of which were transcription related. Foxp3 directly regulated expression of a large proportion of the genes encoding its cofactors. Some transcription factor partners of Foxp3 facilitated its expression. Functional analysis of the cooperation of Foxp3 with one such partner, GATA-3, provided additional evidence for a network of transcriptional regulation afforded by Foxp3 and its associates to control distinct aspects of T reg cell biology. r e s o u r c e npg
The X chromosome-encoded forkhead domain containing transcription factor Foxp3 is a lineage-specifying factor responsible for the differentiation and function of T reg cells. This subtype of CD4 + T cells is indispensible for control of autoimmunity and excessive inflammation caused by the immune response to pathogens and commensal microorganisms 1, 2 . Mutations in the human FOXP3 gene are associated with fatal early onset autoimmune syndrome IPEX (immune dysregulation, polyendocrinopathy, enteropathy, X-linked). Likewise, in mice loss of Foxp3 function is associated with an early onset widespread autoimmunity [3] [4] [5] . Continued expression of Foxp3 in mature T reg cells is essential to maintain the gene expression program, enabling suppressive function of T reg cells 6 .
Despite its central role in T reg biology, the molecular basis of Foxp3 function has been poorly understood. Genome-wide analyses of Foxp3 target genes using a combination of chromatin immunoprecipitation and a genome-wide DNA array analysis (ChIP-on-chip), coupled to the analyses of gene expression in T reg cells expressing functional Foxp3-GFP reporter allele and cells that express Foxp3 reporter null allele with sequence encoding GFP inserted into the Foxp3 locus, which results in the loss of Foxp3 expression (Foxp3-GFP-null) and resemble T reg precursor cells, has revealed that Foxp3 induces both activation and repression of its target genes [7] [8] [9] [10] . However, examination of the identified functional Foxp3 binding sites has not revealed an obvious sequence motif, likely a result of a relatively low affinity of the Foxp3 forkhead domain for DNA. Yet multiple mutations in the DNA-binding forkhead domain, including those leading to the loss of its function, have been identified in individuals with IPEX syndrome [11] [12] [13] . These results suggest that capacity of Foxp3 to bind DNA is critical for its functionality and that Foxp3-DNA interactions are likely assisted by Foxp3 cofactors and by multimerization. Indeed, Foxp3 polypeptides homodimerize and likely form higher-order complexes 14, 15 ; growing numbers of sequence-specific transcription factors that interact with Foxp3 have been identified and some have been implicated in the T reg cell-specific gene expression program. Among these factors, Foxp1 forms heterodimers with Foxp3 through interactions with its leucine dimerization domain 15, 16 . Besides Foxp1, recent studies have suggested that Foxp3 functionality depends on its cooperation with the nuclear factor of activated T cells (NFAT), Ikaros family member Eos and Runx1-Cbfβ complex [17] [18] [19] . In addition to sequence-specific transcription factors, histone acetyl transferases (HATs) and histone deacetylases (HDACs) also have been implicated in Foxp3-mediated gene expression. In particular, the Tat-interacting protein 60 kDa (TIP60) and the type II HDACs (HDAC7 and HDAC9) have been suggested to bind the N-terminal region of Foxp3 and contribute to Foxp3-mediated repression, presumably because acetylation by TIP60 is a prerequisite for Foxp3 function 14, 20 . Although these data imply that multiple Foxp3 partners are important in Foxp3 function, protein composition of Foxp3 transcriptional complexes and relationships between Foxp3 and its partners remain largely unknown as each of the previous studies had focused on a single or at best very few partners at a time.
In this study we used an unbiased proteomic approach to comprehensively analyze composition of Foxp3 complexes. Our massspectrometric analyses identified 361 partners of Foxp3. A high proportion of the genes that encode Foxp3 partners, which include transcription factor GATA-3, served as direct targets of Foxp3.
Functional analyses of GATA-3 cooperation with Foxp3 suggested that reciprocal closed-circuit networks regulate expression of Foxp3 itself and of its interacting partners, and the downstream Foxp3dependent transcriptional program.
RESULTS

Biotinylation-based isolation of Foxp3 protein complexes
To identify interacting partners of Foxp3 using a proteomic approach, we generated a T cell line expressing a biotin-tagged Foxp3 protein to allow for its efficient purification. We transduced previously characterized T cell hybridoma TCli 21 with a retroviral vector encoding a peptide containing BirA ligase biotinylation site fused to the N terminus of the Foxp3 protein (AVI-Foxp3) and the prokaryotic biotin ligase BirA. The AVI peptide biotinylated at a lysine residue by the BirA enzyme allows for efficient purification of a tagged protein and its associated factors by affinity chromatography using streptavidin-conjugated magnetic beads 22 . As expected, we detected biotinylated Foxp3 protein only in TCli cells harboring both AVI-Foxp3 and the BirA biotin ligase ( Fig. 1a ). Foxp3 expression in TCli cells was comparable to that of endogenous Foxp3 protein in primary T reg cells ( Supplementary Fig. 1 ). We confirmed efficient pull-down of the protein complexes containing biotinylated Foxp3 protein using streptavidin-conjugated magnetic beads by immunoblotting for Foxp3 and its previously identified partner Foxp1. In agreement with previous reports, Foxp3-Foxp1 interactions were completely abolished in a TCli cell line harboring a biotinylated form of the ∆E250 mutant of Foxp3 (ref. 16 ) suggesting that at least this well-documented interaction was unperturbed and retained its specificity after biotinylation of Foxp3 ( Fig. 1b) . To confirm that expression of the biotinylated AVI-Foxp3 protein is sufficient to confer suppressor function, we generated a tri-cistronic retroviral construct encoding the AVI-Foxp3 fusion protein along with an internal ribosomal entry site (IRES) preceding the BirA coding sequence that was followed by a 'self-cleaving' 2A peptide sequence from picornavirus and sequence encoding Thy1.1 as a reporter 23 . The latter is expressed on the surface of transduced cells after cleavage of T2A peptide upon translation of a single transcript. As a control, we used a similar construct containing the AVI tag alone. Co-expression of AVI-Foxp3 and BirA from a single retroviral vector in primary CD25 − Foxp3 − CD4 + T cells (T 'conventional' cells; T conv cells) resulted in efficient biotinylation of the AVI-Foxp3 protein (Fig. 1c) . We purified transduced T cells expressing biotinylated AVI-Foxp3 protein and Thy1.1 reporter by flow cytometry and assessed their capacity to curb proliferation of T conv cells using a standard in vitro suppression assay. T conv cells transduced with retroviruses expressing AVI-Foxp3-IRES-BirA-T2A-Thy1.1 or wild-type Foxp3-IRES-GFP (MigR1-Foxp3) used as a positive control exhibited comparable suppressive capacity ( Fig. 1d) . In contrast, the negative control vector (AVI-IRES-BirA-T2A-Thy1.1) did not impart suppressive properties. Thus, these data indicate that biotinylated AVI-Foxp3 and wild-type Foxp3 protein were similarly functional.
Proteomic analysis of Foxp3 complexes
To identify binding partners of Foxp3, we isolated Foxp3-containing protein complexes using streptavidin magnetic bead chromatography from nuclear lysates of BirA protein-expressing TCli cells harboring AVI-Foxp3 fusion protein (TCli-AVI-Foxp3) and analyzed purified protein complexes by SDSpolyacrylamide gel electrophoresis (SDS-PAGE). In contrast to the control protein preparation from TCli-AVI cell lysates lacking Foxp3 protein, biotinylated Foxp3 bound many proteins of different molecular weights ( Fig. 1e) . We excised individual protein bands, subjected them to in-gel trypsin digestion and sequenced them by micro-liquid chromatography-mass spectrometry/mass spectrometry (µLC-MS/MS). We compiled the Foxp3 partner list from 361 protein hits repeatedly identified in at least three of four independent experiments using TCli cells expressing AVI-Foxp3 and not identified or identified at relatively low abundance in two parallel experiments using negative control TCli cells expressing AVI tag only ( Supplementary Table 1 ). We validated the mass-spectrometry data by co-immunoprecipitation (co-IP) of several identified Foxp3 interacting proteins, mainly nuclear factors related to transcriptional regulation, and by immunoblot analysis. Among confirmed Foxp3 interacting partners, several proteins including Runx1, YY1, Ikzf1 and Smarca5 were also detected by mass spectrometry in negative control samples, albeit with a lower Foxp3 IB: yield, presumably owing to the high sensitivity of the technique. For all proteins tested, we observed association with Foxp3 both in the presence and absence of DNase I suggesting that the interactions were preserved in the absence of DNA ( Supplementary Fig. 2) .
To test whether protein partners of biotinylated Foxp3 in TCli cells expressing AVI-Foxp3 bind endogenous Foxp3 protein in primary T reg cells, we prepared nuclear lysates of 100 × 10 6 CD4 + CD25 + T reg cells isolated from C57BL/6 mice using magnetic bead sorting. We isolated Foxp3 complexes from nuclear lysates using affinity-purified rabbit Foxp3 antibody conjugated to tosyl-activated magnetic beads and fractionated them by SDS-PAGE. In agreement with comparable ability of endogenous Foxp3 protein and biotinylated AVI-Foxp3 to confer suppressor function, mass-spectrometric analysis of affinitypurified Foxp3 complexes revealed a substantial number of Foxp3binding proteins identified in TCli cells expressing AVI-Foxp3 (Supplementary Table 1 ). As a negative control we performed massspectrometric analysis of nuclear proteins from Foxp3-deficient CD4 + T cells binding nonspecifically to anti-Foxp3 beads. We confirmed the interactions between Foxp3 and many of its protein partners in primary T reg cells by co-IP and immunoblot analysis ( Supplementary  Fig. 2 ). Incomplete overlap between the two data sets was most likely due to smaller amounts of endogenous Foxp3 complexes and higher nonspecific background in antibody-based versus streptavidinbiotin-based affinity purification procedures.
Mass-spectrometric, co-IP and immunoblot analyses raised the possibility that Foxp3 and its multiple protein partners formed very large protein complexes. Indeed, chromatographic analyses of nuclear lysates of TCli cells expressing AVI-Foxp3 using fractionation on a Superose 6 fast protein liquid chromatography (FPLC) gel-filtration column revealed that the bulk of Foxp3 protein was present in large 400-2,000 kDa complexes ( Fig. 2a ). DNase and RNase treatment of the nuclear lysate did not alter the fractionation pattern (data not shown). Analyses of nuclear lysates prepared from ex vivo purified primary T reg cells revealed a similar separation pattern of endogenous Foxp3 complexes, suggesting that their large size was not a result of an artifact unique to Foxp3transduced transformed cell line ( Fig. 2b) .
To directly test the size of purified Foxp3-associated protein complexes, we introduced a cleavage site for the tobacco etch virus (TEV) protease between Foxp3 and the AVI tag peptide and expressed both AVI-TEV-Foxp3 protein and BirA biotin ligase in TCli cells. Treatment with the TEV protease of biotinylated AVI-TEV-Foxp3 protein bound to streptavidin beads efficiently released intact Foxp3 protein complexes from the beads under nondenaturing conditions ( Fig. 2b) . Mass-spectrometric and immunoblot analyses of Foxp3 complexes released from the streptavidin beads upon cleavage by TEV protease ('TEV-eluted') revealed composition similar to that described above for biotinylated AVI-Foxp3 complexes eluted from Foxp3   669 440  158 43   6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 b Bio-Foxp3 IB: Supplementary Table 2b. npg r e s o u r c e the beads upon boiling in buffer containing 1% SDS ( Fig. 2c and data not shown). To assess the apparent size of TEV-eluted Foxp3 complexes we analyzed these complexes on a Superose 6 gel-filtration column. In addition to 40-200 kDa fractions likely containing monomeric and multimeric Foxp3 and intermediate 400-800 kDa fractions, immunoblot analysis revealed a subset of Foxp3 complexes in fractions with an apparent molecular mass of 1,500-2,000 kDa (Fig. 2d) . The difference between the migration pattern of purified Foxp3 complexes after TEV-mediated elution from streptavidin beads ( Fig. 2d) and that observed upon the fractionation of nuclear lysates ( Fig. 2a) is likely due to the loss of higherorder complexes during the purification and elution procedure. Thus, our biochemical analysis indicates that Foxp3 forms very large protein complexes with many protein partners. npg r e s o u r c e Functional annotation of Foxp3-associated proteins To account for compound functionality and interconnectivity of the vast set of Foxp3 interacting proteins, it was functionally annotated using Database for Annotation, Visualization and Integrated Discovery (DAVID 6.7) software package (http://david. abcc.ncifcrf.gov/home.jsp). In addition to expected enrichment for the gene ontology (GO) terms, categories or biological processes such as DNA binding, transcription regulator activity, chromatin binding, regulation of transcription, chromosome organization and chromatin modification, we found substantial enrichment in RNA binding, processing, splicing and metabolism categories suggesting a yet unexplored RNA-associated role of Foxp3 ( Fig. 3 and Supplementary Table 2a,b) . Indeed, we found that 23% of identified Foxp3 protein partners have been implicated in RNA binding and regulation, and their function in Foxp3 complexes remains to be explored. For in-depth analyses, we focused on a subset of transcriptionrelated Foxp3-associated proteins, comprising 94 proteins (27% of all Foxp3 partners) that we manually assigned to several known protein complexes or functional categories ( Table 1 ). The observed association of Foxp3 with several of its transcription-related partners, including a component of SWI-SNF complex Baf57, remained intact when we performed co-IP experiments in the presence of both DNase and RNase (Supplementary Fig. 3) . The SWI-SNF complex binds small nuclear ribonucleoproteins and mRNA splicing complex and associated RNA 24, 25 . Therefore, although a role for DNA and RNA templates in the formation of Foxp3 complexes in vivo remains likely, these results suggest that after formation of the complex, depletion of nucleic acid templates leaves Foxp3 protein complexes intact (Supplementary Fig. 3 ). Analysis of domain composition of the transcription-related partners revealed an enrichment of C2H2-type and plant homeodomain (PHD)-type zinc-finger domains, winged helix DNA binding, DEAD-like and ATP-binding helicase domains, SNF2-related, chromo-, bromo-and SANT domains, all of which are implicated in influencing gene expression either by heterodimerization with transcription factors, ATP-dependent chromatin remodeling or binding to modified chromatin ( Supplementary Table 2c ). Using the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) 9.0 (http://string-db.org/), a tool for building a modular interactome, we constructed a map of the Foxp3 interactome based on previously characterized interactions among the identified Foxp3 partners. Interaction modules of previously known nuclear protein complexes affecting transcription including NuRD, MLL, SWI-SNF, ISWI, NCoR and polymerase II transcription complex were readily identifiable in the Foxp3 protein complex network (Supplementary Fig. 4) . npg r e s o u r c e
Foxp3 partners as transcriptional targets of Foxp3
Although the majority of Foxp3-associated transcription-related nuclear factors are expressed in all types of T cells, it was possible that Foxp3 modulates expression of its own partners as a means to specifically tune their functionality in T reg cells. Indeed, reanalysis of genome-wide occupancy of Foxp3 target genes in primary T reg cells using ChIP followed by sequencing (ChIP-seq) revealed that regulatory regions of ~50% genes encoding transcription-related Foxp3 cofactors were bound by Foxp3 (ref. 26; Fig. 4a,b and Supplementary Table 3 ). Comparison of expression of this gene subset in naive T cells, CD4 + T cells expressing a functional Foxp3-GFP reporter allele and expressing a nonfunctional Foxp3-GFP-null reporter allele revealed a significant Foxp3-dependent shift in expression of genes encoding Foxp3 partners (Fig. 4c,d) . A shift in the cumulative gene expression curve to the left indicates that although some Foxp3 target genes were upregulated in a Foxp3-dependent manner, the majority were downregulated. This observation suggests a possibility that Foxp3 fine-tunes the expression of many associated transcriptional regulators for functional benefits of T reg cells. Several Foxp3 interacting partners including Runx, NFAT and GATA-3, whose gene expression was affected by Foxp3, mirror its regulatory role by reciprocally contributing to regulation of the Foxp3 gene [27] [28] [29] [30] [31] [32] [33] [34] . These results imply a close-circuit connectivity of reciprocal regulation of expression and cooperation between Foxp3 and several sequence-specific transcription factors that serve as its principal partners (Supplementary Fig. 5 ).
Foxp3-GATA-3 regulatory module in T reg cells
Recent studies suggested a prominent role for GATA-3 in T reg cell function and homeostasis 30, 31 . Our mass-spectrometric analysis identified GATA-3 as a prominent Foxp3-associated factor (Fig. 2c, Table 1 and Supplementary Fig. 3 ). Thus, as a 'case study' of a regulon formed by Foxp3 and one of its cofactors in T reg cells, we investigated mechanistic aspects of cooperation between GATA-3 and Foxp3. To aid the analysis of genes regulated by both Foxp3 and GATA-3 we leveraged the data sets from a recent genome-wide analysis of GATA-3 binding genes in various CD4 + T cell types, including T reg cells 35 . First, we revisited the expression pattern of GATA-3 in activated and resting T reg cells. In agreement with other reports, only a small proportion of ex vivo-isolated T reg cells expressed GATA-3 under steady-state conditions. However, upon in vitro T cell antigen receptor (TCR) stimulation in the presence of interleukin 2 (IL-2), a large proportion of T reg cells upregulated GATA-3 (Fig. 5a) . To determine whether Foxp3 interacts with GATA-3 in primary T reg cells, we performed co-IP experiments from nuclear lysates prepared from T reg cells that had been activated for 24 h in vitro in the presence of IL-2 and observed efficient interaction between Foxp3 and GATA-3 under these conditions (Fig. 5b) .
Next, using ChIP combined with quantitative PCR (ChIP-qPCR) we investigated whether Foxp3 and GATA-3 occupy regulatory sequences within Gata3 and Foxp3 genes as a potential means to augment their expression. We found that Foxp3 bound to the promoter and intronic regions of the Gata3 gene, which is expressed at a higher level in T reg cells than in naive T cells or Foxp3-deficient T cells expressing Foxp3-GFP-null (T FN ) cells ( Figs. 4d and 5c-e) . Conversely, in agreement with recent reports we found GATA-3 binds the conserved noncoding sequence 2 (CNS2) of the Foxp3 gene; T reg cell-specific ablation of Gata3 resulted in reduced Foxp3 expression 30, 31 (Supplementary Fig. 6a,b) . Thus, Foxp3 and GATA-3 not only interact with each other in T reg cells but Foxp3 and GATA-3 proteins bind to genetic loci encoding GATA-3 and Foxp3 proteins, respectively. We note that Foxp3 CNS2 deletion does not result in a decrease in Foxp3 abundance in T reg cells, suggesting that GATA-3 binding elsewhere either within or outside the Foxp3 locus contributes to regulation of its expression 36 .
To identify additional genes bound and potentially regulated by Foxp3 and GATA-3 we cross-referenced previously published T reg cell GATA-3 and Foxp3 ChIP-seq data sets 7, 8, 26 and observed that GATA-3 also occupies regulatory sites in a sizable group of Foxp3 target genes ( Supplementary Table 4 ). Thus, a subset of Foxp3-occupied genes in T reg cells were also bound by GATA-3, suggesting a role for the Foxp3-GATA-3 complex in modulating their expression and T reg cell function. To test this idea, we defined a GATA-3-dependent transcriptome in T reg cells by performing Affymetrix 430A 2.0 gene array of GATA-3deficient and -sufficient T reg cells sorted from young mice with loxP-flanked Gata3 alleles and Foxp3 with an IRES-driven YFP-Cre reporter in its 3′ untranslated region (Gata3 fl/fl Foxp3-YFP-Cre) or littermate control Gata3 +/fl/ Foxp3-YFP-Cre mice, respectively. Indeed, expression of a subset of genes, which are bound by both Foxp3 and GATA-3, was significantly altered in the absence of GATA-3 suggesting a role for GATA-3 partnership with Foxp3 in regulation of a subsection of the T reg cell transcriptome (Fig. 6a) . ChIP-qPCR and cDNA realtime experiments on a select set of candidate genes confirmed these results by demonstrating specific changes in expression of genes that are occupied by both Foxp3 and GATA-3 ( Fig. 6b-d) .
Next, we explored the functional importance of GATA-3 and Foxp3 co-regulation in T reg cells in unmanipulated Gata3 fl/fl Foxp3-YFP-Cre mice. Although they were healthy at young age, Gata3 fl/fl Foxp3-YFP-Cre mice developed intestinal pathology and dermatitis after 6 months (Supplementary Fig. 7a-c) accompanied by a marked Foxp3 − CD4 + T cell activation and an increase in IL-4-, IL-5-, IL-13-producing and Fig. 7d-f ). In agreement with recent reports 30, 31 , we observed marked increase in IL-17 production primarily in the Foxp3 + T reg cells in Gata3 fl/fl Foxp3-YFP-Cre mice (Supplementary Fig. 7g ). Numbers of T reg cells in Gata3 fl/fl Foxp3-YFP-Cre mice were greater than in littermate controls, suggesting that the observed phenotype was not due to fewer T reg cells (Supplementary Fig. 7h ). As the T H 2 cytokine production was most pronounced in the mesenteric lymph nodes of the Gata3 fl/fl Foxp3-YFP-Cre mice, we analyzed the large intestineassociated lamina propria lymphocytes (LI-LPL) in which we observed a more pronounced selective increase in the magnitude of IL-4, IL-5 and IL-13 production by T effector cells (Supplementary Fig. 8a,b) . Thus, in addition to reciprocal regulation of expression, Foxp3 and GATA-3 form a complex in activated T reg cells and the lack of GATA-3 diminishes the ability of T reg cells to control T H 2 responses and restrict T reg cell-specific IL-17 production in unmanipulated mice.
GATA-3 + T H 2 cells, whereas the proportion of interferon-γ (IFN-γ)producing T-bet + cells was reduced (Supplementary
DISCUSSION
Lineage-specification factors have a pivotal role in cellular differentiation by modulating expression of a core set of genes whose expression patterns define functional and phenotypic properties of a given cell type. Although the transcriptional programs guided by many lineage-specification factors and mechanisms of their expression have been extensively studied, comprehensive analysis of the complexes they form and relationships between their partners has been lacking. Foxp3 is a rare example of a lineage-specification factor with a specialized role in supporting differentiation and function of a single cell type, regulatory T cells.
Our biochemical and mass-spectrometric studies showed that Foxp3 forms large transcriptional complexes comprising several hundred npg r e s o u r c e partners. In addition to identifying many new Foxp3 partners, our analysis confirmed several Foxp3-interacting proteins (for example, Runx, NFAT, SWI-SNF components and Foxp1) previously identified by other groups, largely through the use of transfection experiments, but we did not observe interactions with others (for example, TIP60, HDAC7, HDAC9, Eos, Irf4 and Hif1α) 14, 15, [17] [18] [19] [37] [38] [39] . Although two recent studies suggested that N-terminal fusion of GFP with Foxp3 protein modulates of Foxp3 protein complex composition in Foxp3-GFP reporter mice, it seems unlikely that the aforementioned results are due to the use of biotin-tagged Foxp3 protein as we have compared AVI-Foxp3 and endogenous Foxp3 complexes 40, 41 . Thus, the lack of a signal in our mass-spectrometry experiments from some factors expressed in T reg cells or associated with Foxp3 in an inducible manner is more likely due to dynamically modulated composition of Foxp3 complexes in response to various environmental cues (for example, induction of GATA-3 and Foxp3 and their association with Foxp3 in response to TCR stimulation or induction of Hif1α in response to hypoxia). The largest group of Foxp3 partners consisted of proteins that have been implicated in regulation of transcription including many sequence-specific transcription factors including NFATc2, Runx1, Bcl11b, Foxp1, Foxp4, GATA-3, STAT3, Ikaros (Ikzf1), Aiolos (Ikzf3), Ets and Cnot3. The latter observation is consistent with our recent finding that the majority of Foxp3 binding sites in the genome lack an identifiable forkhead-binding motif in T reg cells and suggests that to a large degree Foxp3 co-factors facilitate binding of Foxp3 to a given site either through direct recruitment of Foxp3-containing complexes or through facilitating interactions with Foxp3-bound sites containing forkhead motif via loop formation 7, 8, 26 .
Examination of Foxp3 ChIP-seq data sets and Foxp3-dependent changes in gene expression revealed that approximately 50% of Foxp3 partners in the 'transcriptional control' category serve as direct targets of Foxp3 (ref. 26) . A high degree of enrichment in Foxp3 target genes among Foxp3 partners in comparison to the rest of the genome highlights Foxp3 mediated transcriptional control over a tightly regulated protein network it forms with its partners. Analysis of gene expression in T reg cells in knock-in mice expressing a Foxp3-GFP reporter allele and CD4 + T cells expressing Foxp3-GFP-null reporter null allele or naive CD4 + T cells revealed that although many of Foxp3-bound factors, such as GATA-3 and STAT3, are upregulated in a Foxp3-dependent manner, some are downregulated (for example, Foxp1, Runx1 and Bcl11b) 9 . These observations raise the possibility that Foxp3-mediated up-or downregulation of its binding partners enables the tuning of their relative amounts associated with Foxp3 and, thereby, gene expression in T reg cells.
Another feature of a highly integrated regulatory network formed by Foxp3 and its partners was that some of the Foxp3-bound transcription factors are not only controlled by Foxp3, but also regulate Foxp3 gene expression by binding to its promoter and intronic enhancers in both thymus-and extrathymus-generated T reg cells. Indeed, targeted ablation of Runx1 or its essential cofactor Cbfβ in a T reg cell-or T cellspecific fashion results in a decreased expression of Foxp3 mRNA and protein on a per-cell basis 27, 28, 42 . Furthermore, Runx1 and Foxp3 cooperatively facilitate stability of Foxp3 lineage upon Runxdependent recruitment of Foxp3 to CNS2, an intronic Foxp3 enhancer with a nonredundant role in the heritable maintenance of Foxp3 gene expression in the progeny of dividing T reg cells 36 . NFAT1, an important partner of Foxp3, whose mouse homolog Nfatc2 was identified in our study, is a part of a multiprotein complex that forms an enhanceosome facilitating TGFβ-dependent Foxp3 induction 29 . Likewise, the Ets transcription factor family, two members of which we identified in our study (Elf1 and Elf4), facilitates Foxp3 expression in thymic T reg cells 33 . Another identified partner, STAT3, interacts with Foxp3 in an activation-dependent manner and contributes to control of pathogenic T H 17-mediated inflammation; in contrast, STAT3 limits Foxp3 induction in peripheral CD4 + T cells by restricting access of Smad3 to Foxp3 enhanceosome 34, 43 . Finally Bcl11b and GATA-3, two prominent partners of Foxp3, promote Foxp3 gene expression by directly binding to its regulatory elements [30] [31] [32] .
The large number of Foxp3 partners identified by mass spectrometry and confirmed by co-IP and the broad distribution of Foxp3 during fractionation in a gel-filtration column suggested that Foxp3 complexes are heterogeneous. This notion is consistent with the fact that Foxp3 interactome encompasses proteins involved in both repression and activation of gene expression including the aforementioned NuRD, Lsd1-containing CoREST and N-CoR repressor complexes, Polycomb complex and its associated factor YY1, histone deacetylases HDAC1 and HDAC2, as well as nucleosome remodelers SWI-SNF, ISWI and MLL complexes. In agreement with the presence of Foxp3-associated key component Suz12 of the Polycomb complex, which mediates trimethylation of Lys27 in histone H3, we previously reported enrichment in H3K27me3 at Foxp3-binding sites within the Foxp3-repressed genes 8 .
In addition to heterogeneity based on recruitment of chromatin modifiers with opposing functions, some of the sequence-specific transcription factors, such as STAT3 and GATA-3, partner with Foxp3 in an activation-dependent manner. Our previous studies showed that STAT3 as well as STAT1 and STAT4 are recruited into Foxp3 complexes upon activation in a particular cytokine environment leading to their phosphorylation and nuclear translocation of these transcription factors 43 (A.C. and A.Y.R.; unpublished data). Likewise, we found that GATA-3 was upregulated and formed complexes with Foxp3 upon TCR stimulation of T reg cells. These data suggest that some of the Foxp3 partners are activated in distinct inflammatory and tissue environments and their recruitment into large Foxp3-containing transcriptional complexes allows for integration of environmental cues and adaptive changes in homeostasis, homing and functional capabilities of T reg cells.
The sheer size of Foxp3 complexes containing multiple interacting proteins and their likely heterogeneity complicate mechanistic causal studies of a role of individual components of these complexes using a site-directed mutagenesis approach as mutations in putative interaction sites between Foxp3 and its given partner might result in a loss or gain of other interacting proteins. Future studies involving biochemical isolation of individual Foxp3 complexes, their in vitro reconstruction and solution of their structures will inform mutagenesis efforts for selective elimination of Foxp3 partners under control of mass-spectrometric analysis. Nevertheless, our comparative analysis of binding sites of Foxp3 and one of its co-factors, GATA-3, combined with the analysis of changes in gene expression and function associated with the selective loss of GATA-3 in T reg cells revealed a subset of genes regulated by GATA-3-containing Foxp3 complexes. A relatively modest change in the cumulative expression of these genes upon deletion of Gata3 was likely due to its expression in a minor subset of cells in the total peripheral T reg population analyzed in these experiments. Our real-time PCR analyses of Foxp3-deficient T FN cells and GATA-3deficient T reg cells revealed that although for some genes (for example, Sytl2 and Prodh) Foxp3 and GATA-3 act in a cooperative fashion, for others (for example, Pde3b, Satb1 and Ets2) the effect appears to be antagonistic. It seems likely that in such cases Foxp3 counteracts the effect of GATA-3, which otherwise acts as a transcriptional activator for these genes. This observation was reminiscent of a recent study where partnership of glucocorticoid receptor with STAT3 led to either up-or downregulation of cooperatively controlled genes 44 .
npg r e s o u r c e The observed increase in IL-4-, IL-5-and IL-13-producing GATA-3 + Foxp3 − effector T cells and unprovoked autoimmunity associated with Gata3 ablation in T reg cells are consistent with the notion of 'symmetric' requirements for some transcription factors (such as T-bet, IRF4 and STAT3) involved in differentiation of effector T cells and their suppression by T reg cells 31, 38, 43, 45 . In addition, increased production of IL-17 in GATA-3-deficient T reg cells is in agreement with recent findings suggesting a role for GATA-3 in suppressing RORγtmediated IL-17 production in T reg cells 30 . Furthermore, impaired homeostasis of GATA-3-deficient T reg cells has been observed in peripheral tissues during inflammatory response possibly owing to a requirement for GATA-3 to maintain high Foxp3 expression in rapidly dividing T reg cells 31 . The discrepancy between the observed phenotype and a much more severe pathology recently reported in mice harboring GATA-3-deficient T reg cells was likely due to a difference in expression of a knock-in Foxp3 Cre allele and a Foxp3 BAC transgene-driven Cre recombinase used in our and the other study 30 , respectively.
In conclusion, our biochemical and mass-spectrometric analyses revealed that Foxp3 forms transcriptional complexes of 400-800 kDa and larger, and we identified 361 associated proteins, many of which are involved in the regulation of transcription. Notably, Foxp3 binds and directly regulates expression of a large proportion of the genes that serve as its cofactors. Reciprocally, some of the sequence-specific transcription factors that serve as Foxp3 partners facilitate Foxp3 expression. Several distinguishing characteristics of Foxp3 complexes, specifically, association with NuRD repressor complexes and SWI-SNF nucleosome remodeling complexes, the large number of protein partners, and most notably pronounced regulation of expression of its components, were reminiscent of features recently reported for Oct4, a principal transcription factor defining stem cell identity 46 . This notable similarity suggests that the observed principal features of Foxp3 transcriptional complexes are likely common to transcription factors involved in cell-lineage specification that operate during early and late cellular differentiation and define a particular cell fate. It is likely that multiple activating and inhibitory complexes with constitutive and inducible membership formed by a single lineagespecification factor like Foxp3 enable multifaceted organization of a specialized functional genome and confer a wide range of functions associated with a given state of cellular differentiation.
METHODS
Methods and any associated references are available in the online version of the paper.
